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ELEVATED TEMPERATURE CRACK GROWTH* 

K.S .  K im,  R . H .  Van S tone ,  S .N .  M a l i k ,  and J . H .  L a f l e n  
Genera l  E l e c t r i c  A i r c r a f t  Eng ines  

C i n c i n n a t i ,  Oh io  

C r i t i c a l  gas t u r b i n e  engine h o t  s e c t i o n  components such as b lades,  
vanes, and combustor l i n e r s  tend t o  develop m inu te  c racks  d u r i n g  t h e  e a r l y  
s tages o f  o p e r a t i o n .  
and creep t o  c r i t i c a l  s i z e .  C u r r e n t  methods o f  p r e d i c t i n g  g rowth  r a t e s  o r  
c r i t i c a l  c r a c k  s i z e s  a r e  inadequate,  which leaves o n l y  two extreme courses 
o f  a c t i o n .  
o f  an excess i ve  number o f  s e r v i c e  f a i l u r e s .  The second i s  t o  t a k e  a 
p e s s i m i s t i c  v iew  and accept  an excess ive number o f  " r e j e c t i o n s  f o r  cause" a t  
c o n s i d e r a b l e  expense i n  p a r t s  and down t i m e .  
t o  develop r e l i a b l e  methods o f  p r e d i c t i n g  c r a c k  growth r a t e s  and c r i t i c a l  
c r a c k  s i z e s .  

These cracks may then  grow under c o n d i t i o n s  o f  f a t i g u e  

The first i s  t o  t a k e  an o p t i m i s t i c  v iew w i t h  t h e  a t t e n d a n t  r i s k  

C l e a r l y  i t  i s  v e r y  d e s i r a b l e  

To develop such methods, i t  i s  d e s i r a b l e  t o  r e l a t e  t h e  processes t h a t  
c o n t r o l  c r a c k  g rowth  i n  t h e  immediate v i c i n i t y  o f  t h e  c r a c k  t i p  t o  
parameters t h a t  can be c a l c u l a t e d  f rom remote q u a n t i t i e s ,  such as f o r c e s ,  
s t r e s s e s ,  o r  d isp lacements.  The most l i k e l y  parameters appear t o  be c e r t a i n  
p a t h - i  ndependent ( P - I )  i n t e g r a l  s ,  seve ra l  o f  whi ch have a1 ready  been 
proposed f o r  appl  i c a t i o n  t o  h i g h  temperature i ne1 a s t i  c p r o b l  ems. A thorough 
a n a l y t i c a l  and exper imenta l  e v a l u a t i o n  o f  these parameters needs t o  be made 
whi ch would i n c l  ude e l  evated temperature i sothermal and thermomechani c a l  
f a t i g u e ,  b o t h  w i  t h  and w i t h o u t  thermal g r a d i e n t s .  

I n  any i n v e s t i g a t i o n  o f  f a t i g u e  c r a c k  growth,  t h e  r o l e  o f  c r a c k  c l o s u r e  
should be addressed i n  o r d e r  t o  develop t h e  a p p r o p r i a t e  c r a c k  growth model. 
A n a l y t i c a l l y ,  t h i s  r e q u i r e s  t h e  use o f  gap elements i n  a n o n l i n e a r  f i n i t e  
element code t o  p r e d i c t  c l o s u r e  loads.  Such p r e d i c t i o n s  must be v e r i f i e d  
e x p e r i m e n t a l l y  t h rough  d e t a i l e d  measurements; t h e  b e s t  method f o r  measur ing 
c r a c k  c l o s u r e  has n o t  been e s t a b l i s h e d  i n  p r e v i o u s  s t u d i e s .  

I t  i s  t h e  purpose o f  t h i s  c o n t r a c t  (NAS3-23940) t o  determine t h e  a b i l i t y  
o f  c u r r e n t l y  a v a i  1 ab1 e P - I  i n t e g r a l  s t o  c o r r e l a t e  f a t i g u e  c r a c k  p r o p a g a t i o n  
under c o n d i t i o n s  t h a t  s i m u l a t e  t h e  t u r b o j e t  engine combustor l i n e r  
environment.  The u t i l i t y  o f  advanced f r a c t u r e  mechanics measurements w i l l  

*Work done under NASA C o n t r a c t  NAS3-23940. 
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a l s o  be eva lua ted  and determined d u r i n g  t h e  c o n t r a c t .  
t h e  exper imenta l  d a t a  has been c o l l e c t e d ,  and t h e  f i n a l  a n a l y t i c a l  e f f o r t  i s  
i n  p rog ress .  I t  has shown t h a t  t h e  e x p e r i m e n t a l l y  measured d isp lacements 
and loads can be a c c u r a t e l y  p r e d i c t e d  by  f i n i t e  element analyses t h a t  
c o n s i d e r  t h e  growth o f  t h e  f a t i g u e  c rack .  
e v a l u a t e  nonl  i near  f r a c t u r e  mechani cs parameters f o r  c o r r e l a t i  ng t h e  
observed f a t i g u e  c r a c k  growth r a t e s  f o r  d i f f e r e n t  s t r a i n  ranges. I n  
p r e v i o u s  years,  t h e  s e l e c t i o n  o f  A l l o y  718, t h e  specimen des ign  and 
a n a l y s i s ,  t h e  r e v i e w  o f  t h e  P - I  i n t e g r a l s ,  and t h e  a n a l y s i s  o f  a temperature 
g r a d i e n t  specimen t e s t  have been presented.  T h i s  r e p o r t  w i l l  summarize o n l y  
t h e  work per formed d u r i n g  t h e  p rev ious  yea r .  A f i n a l  r e p o r t  w i l l  be 
r e l e a s e d  n e x t  yea r .  

To date,  t h e  b u l k  o f  

These r e s u l t s  a r e  b e i n g  used t o  

DATA ANALYSIS 

D u r i n g  t h e  p a s t  yea r ,  e x t e n s i v e  a n a l y s i s  has been made o t h e  i so the rma l  
and thermal  mechanical  f a t i g u e  (TMF) c r a c k  growth t e s t  da ta .  The p r i m a r y  
e f f o r t  o f  t h i s  a c t i v i t y  was t o  use t h e  exper imenta l  r e s u l t s  t o  s e t  t h e  
boundary c o n d i t i o n s  f o r  t h e  f i n i t e  element analyses.  A l so ,  t h i s  e f f o r t  i s  
p r o v i d i n g  a l i n e a r  e l a s t i c  f r a c t u r e  mechanics d e s c r i p t i o n  o f  t h e  data.  
way i n  which t h e  boundary c o n d i t i o n s  a r e  d e r i v e d  w i l l  be i l l u s t r a t e d  u s i n g  
r e s u l t s  f o r  specimen N4-3, a buttonhead, s i n g l e  edge n o t c h  (SEN) specimen 
t e s t e d  a t  538C w i t h  a s t r a i n  range o f  1.15% and a s t r a i n  R - r a t i o  o f  - 1 .  

The 

BOUNDARY CONDITIONS FOR F I N I T E  ELEMENT ANALYSIS 

F i g u r e  1 shows a schematic o f  t h e  gage s e c t i o n  o f  t h e  but tonhead SEN 
specimen and t h e  l o c a t i o n  o f  t h e  t h r e e  extensometers.  
c r a c k  mouth opening d isp lacement  (CMOD) d a t a  c l e a r l y  showed t h e  cusp ing  i n  
t h e  h y s t e r e s i s  loop,  i n d i c a t i n g  t h e  presence of c r a c k  c l o s u r e .  T h i s  t e s t  
program was one o f  t h e  first t o  s imu l taneous ly  use d i f f e r e n t  d isp lacement  
measurements t o  d e t e c t  c l o s u r e .  
d e t e c t  c l o s u r e  was h i g h l y  dependent on t h e  l o c a t i o n  o f  t h e  d isp lacement  
measurement. 
cusping i n  t h e  back f a c e  d isp lacements.  
d e f l e c t i o n  i s  n o t  a v e r y  s e n s i t i v e  techn ique  t o  d e t e c t  c r a c k  c l o s u r e  i n  a 
SEN specimen. 

( i n c r e a s i n g  l oad )  were determined by  numeri c a l  l y  d i  f f e r e n t i  a t i  ng t h e  d a t a  
p o i n t s  o f  each CMOD h y s t e r e s i s  loop.  
change i n  t h e  s l o p e  o f  t h e  load-CMOD cu rve  and a d i s c o n t i n u i t y  i n  t h e  second 

I t  was found t h a t  t h e  

These d a t a  i l l u s t r a t e d  t h a t  t h e  a b i l i t y  t o  

O f  t h e  g r e a t e s t  s i g n i f i c a n c e  was t h e  apparent  absence o f  
Th is  may suggest t h a t  back f a c e  

The p o i n t s  o f  c r a c k  c l o s u r e  (dec reas ing  l oad )  and c r a c k  opening 

When a cusp occurs,  t h e r e  should be a 
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d e r i v a t i v e  o f  load  and CMOD. 
technique, the  second d e r i v a t i v e  o f  load w i t h  respect  t o  CMOD was ca l cu la ted  
f o r  both i nc reas ing  and decreasing load s i t u a t i o n s .  
d i s c o n t i n u i t y  was determined f o r  both s i t u a t i o n s .  
a t  crack c losure  w i t h  the  hys teres is  loops showed t h a t  t h i s  corresponded t o  
the  cusps i n  the  loops. 

Using a seven p o i n t  s l i d i n g  polynomial  

The p o i n t  o f  t he  
Comparison o f  t he  loads 

F igure  2 shows the  v a r i a t i o n  o f  maximum load ( X I ,  minimum load ( + I ,  
c losu re  load (square), and opening load ( t r i a n g l e )  w i t h  cyc le  number f o r  
Specimen N4-3. 
much cusping and i t  i s  d i f f i c u l t  t o  r e l i a b l y  de tec t  the  presence o f  
c losure .  As  the  crack grows, i t  becomes eas ie r  t o  de tec t  c losure .  This 
r e s u l t s  i n  a l a r g e  amount o f  s c a t t e r  i n  the  opening and c losure  loads e a r l y  
i n  the  t e s t .  

A t  t he  beginning o f  the  t e s t ,  the  CMOD loop does no t  show 

The f i n i t e  element analyses w e r e  performed i n  two stages. The f i r s t  was 
t o  use the  maximum and minimum d e f l e c t i o n  boundary cond i t ions  as two load 
cases per  cyc le .  A node re leas ing  technique was used t o  permi t  t he  crack t o  
propagate across the  e n t i r e  specimen, re leas ing  two nodes per  cyc le .  The 
purpose o f  t h i s  ana lys i s  was t o  b u i l d  up the  history-dependent crack surface 
wake. The r e s u l t s  o f  t h i s  ana lys is  were s tored o f f  and used as the  s t a r t i n g  
p o i n t  o f  more d e t a i l e d  f i n i t e  element ana lys is .  
was done a t  two f i x e d  crack lengths.  
p r e d i c t  the  occurrence o f  crack c losure  and opening. The P - I  i n t e g r a l s  w e r e  
computed f o r  these load ing  steps. 

The second stage ana lys is  
Ten load ing  steps w e r e  in t roduced t o  

I t  was p r e v i o u s l y  determined t h a t  the  boundary cond i t i ons  f o r  t h i s  
specimen geometry a re  l i n e a r  displacements along the  p o s i t i o n s  o f  the  
c o n t r o l  and back face extensometer contact  (6.4 mm above and below the  plane 
o f  the  crack) .  
c o n t r o l  and back face extensometer readings. Dur ing a g iven cyc le,  the  
degree o f  bending increases w i t h  inc reas ing  load and d e f l e c t i o n ,  resu l  t i  ng 
i n  a v a r i a t i o n  i n  the  s lope o f  the  specimen d e f l e c t i o n s  w i t h i n  a cycle. 
Thus, t he  exper imental  data w e r e  used t o  s e l e c t  the  boundary cond i t i ons  f o r  
these more extens ive cyc l  i c analyses. 

The displacements a re  determined by e x t r a p o l a t i o n  o f  the  

The boundary cond i t i ons  f o r  the  coarser f i n i t e  element ana lys i s  were  
determined by i t e r a t i n g  between the a v a i l a b l e  data po in ts .  
i n  F igure  3 shows the  v a r i a t i o n  i n  crack length  (a>  w i t h  cyc le  number. 
crack l eng th  p o s i t i o n s  corresponding t o  the  f i n i t e  element node loca t i ons  
are  shown as t r i a n g l e s .  The cyc le  count a t  these p o s i t i o n s  was ca l cu la ted  
by l i n e a r  i n t e r p o l a t i o n  between the  ac tua l  data po in ts .  I n  a s i m i l a r  
fash ion,  t he  maximum and minimum d e f l e c t i o n s  corresponding t o  the  
i n t e r p o l a t e d  cyc le  number were a l s o  ca lcu la ted .  
w e r e  used as the  boundary cond i t ions  f o r  t he  coarser f i n i t e  element 
ana lys i s .  
These values were compared t o  those ca l cu la ted  from the  f i n i t e  element 
ana lys i  s. 

The solid l i n e  
The 

The i n t e r p o l a t e d  values 

A s i m i l a r  i n t e r p l o l a t i o n  was a l s o  performed f o r  loads and CMOD. 
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Two c r a c k  l e n g t h s  were s e l e c t e d  f rom each t e s t  specimen t o  p e r f o r m  t h e  
more e x t e n s i v e  c y c l i c  a n a l y s i s .  
c r a c k  l e n g t h s  o f  0.95 and 2.54 mm were s e l e c t e d  t o  p r o v i d e  a s i g n i f i c a n t  
d i f f e r e n c e  i n  c r a c k  l e n g t h ,  bending s t r a i n ,  and c r a c k  growth r a t e s .  A t o t a l  
o f  40 boundary c o n d i t i o n s  were o b t a i n e d  t o  d e s c r i b e  t h e  s t r a i n  c y c l e  f o r  
b o t h  c r a c k  l e n g t h s .  These c o n d i t i o n s  were determined by  p l a c i n g  a l o a d  case 
a t  maximum and minimum d e f l e c t i o n ,  c r a c k  c l o s u r e  d e f l e c t i o n ,  and c r a c k  
opening d e f l e c t i o n .  N ine  o t h e r  l o a d  cases w e r e  p laced  between ea.ch o f  t h e  
f o l  1 owi ng: 

Based on t h e  c r a c k  growth r a t e  da ta ,  t h e  

1. minimum and c r a c k  opening d e f l e c t i o n  

2. c r a c k  opening and maximum d e f l e c t i o n  

3. maximum and c r a c k  c l o s u r e  d e f l e c t i o n  

4. c r a c k  c l o s u r e  and minimum d e f l e c t i o n  

The l o a d  case p o s i t i o n s  w e r e  separated by a c o n s t a n t  amount o f  CMOD w i t h i n  
each o f  t h e  f o u r  segments l i s t e d  above. T h i s  i s  shown s c h e m a t i c a l l y  i n  
F i g u r e  4 where t h e  c l o s e d  p o i n t s  i n d i c a t e  t h e  fou r  end p o i n t s  ment ioned 
above. 
t o t a l  s e t  o f  40. 

I n  t h e  f i n i t e  element a n a l y s i s ,  10 l o a d  cases were s e l e c t e d  f r o m  t h e  

T h i s  procedure was performed f o r  t h e  c y c l e s  on each s i d e  o f  t h e  d e s i r e d  
A s  i n  t h e  case o f  t h e  coa rse r  boundary c o n d i t i o n s ,  a l i n e a r  c r a c k  l e n g t h s .  

i n t e r p o l a t i o n  was per formed between t h e  two exper imenta l  h y s t e r e s i s  l oops .  
The remote d isp lacements were r e p o r t e d  a t  t h e  same p o s i t i o n s  i n  t h e  
h y s t e r e s i  s l oops .  

FINITE ELEMENT RESULTS 

F i n i t e  element s i m u l a t i o n s  of  c r a c k  growth a t  538C w e r e  done f o r  t h r e e  
ranges o f  s t r a i n :  0.5%, 1.15%, and 1.7%. These analyses used t h e  GE-AE 
f i n i t e  element code c a l l e d  CYANIDE. 
i n i t i a l  l e n g t h  0.32 mm t o  2.54 mm w i t h  increments o f  0.32 mm a t  each t e n s i l e  
peak. 
compressive peaks a t  d i f f e r e n t  c r a c k  l e n g t h s .  The c o r r e l a t i o n s  w e r e  v e r y  
good f o r  a l l  t h r e e  cases. 
l e n g t h s ,  and a good agreement was aga in  found between t h e  a n a l y s i s  and 
t e s t .  The l o a d  versus c r a c k  l e n g t h  and t h e  CMOD versus c r a c k  l e n g t h  p l o t s  
a r e  g i v e n  i n  F i g u r e  5 and F i g u r e  6, r e s p e c t i v e l y ,  f o r  t h e  medium s t r a i n  
range. 
(0.95 mm and 2.54 mm). The nominal s t r e s s  ( l o a d / c r o s s - s e c t i o n a l  area)  
versus CMOD loops were p l o t t e d  f o r  a l l  t h e  cases, and t h e y  w e r e  compared 
w i t h  t e s t  r e s u l t s .  I n  genera l ,  t h e  computed load-displacement l o o p  agreed 

The c r a c k  was propagated f rom t h e  

The computed and exper imenta l  loads were compared a t  t h e  t e n s i l e  and 

The CMOD was a l s o  examined a t  d i f f e r e n t  c r a c k  

The c r a c k  c l o s u r e  and opening a n a l y s i s  was made a t  two c r a c k  l e n g t h s  
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w e l l  w i t h  t h e  t e s t  l o o p  except  f o r  a s h i f t  i n  t h e  CMOD measure. The reason 
f o r  t h i s  i s  c u r r e n t l y  under i n v e s t i g a t i o n ,  b u t  i t  i s  b e l i e v e d  t o  be r e l a t e d  
t o  t h e  c racks  g row ing  i n  a s t a b l e  shear mode. 
c l o s u r e  and opening p o i n t s  w i t h i n  accep tab le  accu rac ies .  
loops f o r  t h e  medium s t r a i n  range a r e  compared w i t h  t h e  exper imenta l  d a t a  i n  
F igu res  7 and 8 f o r  t h e  two d i f f e r e n t  c r a c k  l e n g t h s  o f  0.95 mm and 2.54 mm. 
I n  c o n s t r u c t i n g  these  f i g u r e s ,  t h e  exper imenta l  d a t a  w e r e  s h i f t e d  by  a 
c o n s t a n t  amount t o  agree w i t h  t h e  a n a l y t i c a l  p r e d i c t i o n s  a t  t h e  minimum l o a d  
p o i n t .  

The a n a l y s i s  p r e d i c t e d  t h e  
The p r e d i c t e d  

CONCLUSIONS 

A s  i n  p r e v i o u s  r e p o r t s ,  t h e  p r i o r  y e a r  e f f o r t s  a r e  showing e x c e l l e n t  
p rog ress  toward t h e  c o n t r a c t  o b j e c t i v e s .  
c o r r e l a t i o n s  demonstrate t h a t  an e x c e l l e n t ,  w e l l  understood s e t  o f  
c o n s i s t e n t  d a t a  has been generated. 
t h e  growth o f  c racks  under c y c l i c  c o n d i t i o n s  i n  t h e  i n e l a s t i c  range. 
C u r r e n t l y ,  e f f o r t s  a r e  be ing  d i r e c t e d  toward u t i  1 i z i n g  t h e  f i n i t e  element 
r e s u l t s  t o  e v a l u a t e  t h e  c o r r e l a t i v e  a b i l i t y  o f  c u r r e n t  n o n l i n e a r  f r a c t u r e  
mechanics parameters.  

The f i n i t e  element and t e s t  

These d a t a  should l e a d  t o  understanding 

A d d i t i o n a l l y ,  a n a l y s i s  w i l l  be completed of  t h e  TMF da ta ,  and a f i n a l  
r e p o r t  w i l l  be w r i t t e n  d u r i n g  t h e  coming y e a r .  
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Mo n i t o r  ing 
Ex tensone t e r  L - Controlling 

Ex t ensone tsr 

1-1 ?o t e n t i a l  

F igure  1. Schematic Drawing of SEN Test Method. 
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Figure 2.  Derived Closure Stream Point. Comporid t o  Marllu. and ninimun Loads from 
Spccimn N4-3 
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Figure 3. Crack Length Versus Cyc1.a for Specimen N4-3. 
The Symbols Show the Location of F i n i t e  K l e u n c  Node Poinca. 

419 



BOUNDARY CONDITIONS 
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Figure 4 .  Selection of Boundary Conditions. 
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F i g u r e  5 .  P r e d i c t e d  S c r e e s  As A F u n c t i o n  of Crock Length - Coarse FEM 

Figure 6 .  Predicted CllOn Rnngc Versus  Crnck 1.cngtI1 - Conrsc FFH 
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